Cholesterol and other sterols exit the body primarily by secretion into bile. In patients with sitosterolemia, mutations in either of two ATP-binding cassette (ABC) half-transporters, ABCG5 or ABCG8, lead to reduced secretion of sterols into bile, implicating these transporters in this process. To elucidate the roles of ABCG5 and ABCG8 in the trafficking of sterols, we disrupted Abcg5 and Abcg8 in mice (G5G8 ؊/؊ ). The G5G8 ؊/؊ mice had a 2-to 3-fold increase in the fractional absorption of dietary plant sterols, which was associated with an Ϸ30-fold increase in plasma sitosterol. Biliary cholesterol concentrations were extremely low in the G5G8 ؊/؊ mice when compared with wild-type animals (mean ‫؍‬ 0.4 vs. 5.5 mol͞ml) and increased only modestly with cholesterol feeding. Plasma and liver cholesterol levels were reduced by 50% in the chow-fed G5G8 ؊/؊ mice and increased 2.4-and 18-fold, respectively, after cholesterol feeding. These data indicate that ABCG5 and ABCG8 are required for efficient secretion of cholesterol into bile and that disruption of these genes increases dramatically the responsiveness of plasma and hepatic cholesterol levels to changes in dietary cholesterol content.
S itosterolemia is a rare autosomal recessive disorder characterized by the accumulation of plant and animal sterols in blood and tissues (1, 2) . Affected subjects with this disorder develop large deposits of cholesterol in their skin, tendons, and coronary arteries. The accumulation of plant and animal sterols in the blood is caused by an increase in the fractional absorption of sterols from the diet and a decrease in the secretion of sterols into the bile, which is the major route of exit of sterols from the body (3, 4) .
A striking feature of sitosterolemia is the precipitous fall in plasma cholesterol that follows reductions in dietary cholesterol intake, especially in young patients (5, 6) . When normal individuals are switched from a high cholesterol, high fat diet to a low cholesterol, low fat diet, plasma levels of cholesterol fall Ϸ10-20%; in patients with sitosterolemia, plasma cholesterol can fall by Ͼ45% (5, 6) . The hypercholesterolemia of sitosterolemia is also sensitive to treatment with bile-acid resins, which stimulate the conversion of cholesterol to bile acids, another pathway for removal of cholesterol from the body.
The pathognomonic feature of sitosterolemia is the elevation in plasma sitosterol, the most abundant plant sterol (1) . Sitosterolemic patients also accumulate other sterols in plasma including a variety of plant sterols (campesterol, stigmasterol, and avenasterol) and shellfish sterols (brassicasterol, 24-methylene cholesterol, and 22-dehydrocholesterol) (1, 7) . In normal individuals these sterols are poorly absorbed and preferentially secreted into the bile (8) (9) (10) . These sterols comprise only Ϸ1% of plasma and tissue sterols in normal individuals but Ϸ15% of circulating and tissue sterols in sitosterolemia (11) .
Studies of sitosterolemia have provided insights into the molecular basis of two important pathways in the trafficking of sterols: the absorption of dietary sterols in the intestine and the secretion of biliary sterols from the liver. The disease is caused by mutations in either of two oppositely oriented, closely apposed genes that encode the ATP-binding cassette (ABC) transporters ABCG5 and ABCG8 (12, 13) . These genes, which are expressed almost exclusively in liver and small intestine, are coordinately up-regulated by the nuclear hormone receptor, LXR␣, in response to dietary cholesterol (12, 14) . High level expression of a human ABCG5 and ABCG8 transgene in mice results in an Ϸ50% reduction in the fractional absorption of dietary cholesterol and a dramatic increase in the biliary secretion of sterols (15) . If coexpressed in the same cells, ABCG5 and ABCG8 are targeted to the apical (biliary) surface of polarized hepatocytes (16) .
These data are consistent with the hypothesis that ABCG5 and ABCG8 form a functional complex that limits the accumulation of dietary sterols by secreting sterols from gut epithelial cells into the lumen and promoting secretion of hepatic sterols into bile. To test this hypothesis directly, we inactivated Abcg5 and Abcg8 in mice and examined the absorption and secretion of the major dietary plant and animal sterols. , NH) . Deuterated cholestanol, campestanol, and sitostanol were synthesized by hydrogenation of the deuterated sterols using microwaves (17) .
Materials and Methods
targeting vector (pJB1, kindly provided by Joachim Herz, University of Texas Southwestern Medical Center), which contained the neo gene driven by the murine phosphoglycerate kinase (PGK) promoter, flanked by loxP and frt sites, and followed by two copies of the herpes simplex virus thymidine kinase (HSV TK) genes.
129S6͞SvEv mouse-derived embryonic stem cells (SM-1, Passage 9) were cultured on irradiated (10,000 rad) STO feeder cells (18, 19) . Approximately 2 ϫ 10 7 embryonic stem cells were electroporated with 100 g of PmeI-linearized targeting construct (330 F, 275 V, low resistance) by using Invitrogen Cell-Porator (Invitrogen). The cells were seeded onto STO feeder layers for 24 h before the addition of G418 (250 g͞ml). Forty-eight hours after electroporation the cells were selected with gancyclovir (2.5 M) for 8-10 days. The embryonic stemcell colonies were expanded and screened for homologous recombination by Southern blotting. Three positive clones were injected into C57BL͞6J blastocysts. Eleven chimeric male and three chimeric female mice with Ϸ80% agouti coat color were fertile. One chimeric female had two female offspring with the disrupted Abcg5 and Abcg8 allele. A line was established by crossing these offspring to C57BL͞6J male mice. Mice used in this study were offspring of matings between mice heterozygous for a disrupted Abcg5 and Abcg8 allele.
Animals and Diets.
Mice were housed in a temperature-controlled room (22°C) with a daylight cycle from 6 a.m. to 6 p.m. and fed ad libitum a cereal-based rodent-chow diet (Diet 7001, HarlanTeklad, Madison, WI) containing 0.02% cholesterol and 4% fat. The sterol content of the chow diet was analyzed by GC and the relative amounts of cholesterol to sitosterol and to campesterol were 1:2.3 and 1:0.7, respectively. The mice used for breeding were fed a 6% fat diet (Diet 7002, Harlan-Teklad). All animal procedures were approved by the Institutional Animal Care and Research Advisory Committee at the University of Texas Southwestern Medical Center.
Production of Polyclonal Antibodies to Mouse ABCG5 and ABCG8. Two DNA fragments encoding the N-terminal regions of mouse ABCG5 (residues 2-375) and ABCG8 (residues 2-400) were PCR-amplified from the ABCG5 and ABCG8 cDNAs and cloned into the pET30a(ϩ) vector (Novagen). The constructs were used to transform BL21 (DE3) competent cells (Novagen), and the peptides expressed were purified by using the QIAexpressionist procedure with nickel-nitrilotriacetic acid columns in 8 M urea (Qiagen, Valencia, CA). Rabbits were injected every 2 weeks with 100 g of purified protein to generate antibodies.
Metabolic Phenotyping. Hepatic triglyceride levels were measured by using Infinity triglycerides reagent (catalog no. 343-500P; Sigma-Aldrich). Lipoproteins were size-fractionated by using fast protein liquid chromatography, and the sterol concentration in each fraction was measured by using Cholesterol͞HP kits (catalog no. 1127771, Roche Diagnostics). The biliary lipid composition, fecal neutral sterol and bile-acid content, in vivo cholesterol-synthesis rates, and bile-acid pool sizes were measured as described (15, 20) . Total cholesterol and noncholesterol sterol concentrations in liver and plasma samples were measured by GC as described (20, 21) with modifications. Briefly, tissues and plasma were saponified in 3% potassium hydroxide͞ethanol at 65°C for 3 h, 5␣-cholestane was added as a quantitative recovery standard, and the lipids were extracted by using petroleum ether. Samples were dried under nitrogen, and residual lipids were redissolved in Tri-Sil reagent (product no. 48999, Pierce) for analysis by GC. (17) and dissolved in 2 ml of plant oil (Livio, Union Deutsche Lebensmittelwerke, Hamburg, Germany). A single dose of the deuterated sterol͞stanol-oil mixture (50 l) was gavaged to each mouse. Feces were collected for 3 days after the gavage, pooled, and processed as described (22) (23) (24) . Fecal sterols and stanols were separated by GC, and the fractional absorption of sterols was calculated as described (22) (23) (24) .
Measurement of Intestinal Absorption of Dietary
Statistical Analysis. All data are reported as the mean Ϯ SEM. The differences between the mean values were tested for statistical significance by the two-tailed Student's t test.
Results
Similar to the human genes, the murine Abcg5 and Abcg8 genes are located within 400 bp of each other in a head-to-head orientation (Fig. 1a) . To disrupt both genes, the region extending from intron 2 of Abcg5 to intron 3 of Abcg8 was replaced with a neomycin-containing cassette by homologous recombination. Gene disruption was confirmed by Southern blotting (Fig. 1b) , RNA blotting (Fig. 1c) , and immunoblotting (Fig. 1d) . The deleted exons included the sequences encoding part of the Walker A consensus sequences of both genes. The Walker A sequence is part of the ATP-binding site, and its deletion should render the protein nonfunctional. ABCG5 and ABCG8 are both glycosylated, resulting in the generation of a series of higher molecular mass forms of the proteins (Fig. 1d ). After Nglycosidase treatment, the higher molecular mass forms col- lapsed into one band (data not shown). The sizes and patterns of the precursor and mature glycosylated forms of the proteins were similar to those seen when the recombinant proteins are expressed in cultured cells (16) . The amount of immunodetectable ABCG5 and ABCG8 (Fig. 1d ) was proportional to the amounts of their respective transcripts in both tissues (Fig. 1c) . No immunoreactive ABCG5 or ABCG8 protein was detected in the G5G8 Ϫ/Ϫ mice (Fig. 1d) . The G5G8 Ϫ/Ϫ mice were fertile, and their litter sizes were normal. No obvious physical differences were apparent between the G5G8 Ϫ/Ϫ mice and wild-type mice. Routine histology of the liver, intestine, spleen, kidneys, ovaries, and testes and liverfunction tests were normal in the G5G8 Ϫ/Ϫ mice (data not shown).
Because the hallmark of sitosterolemia is the accumulation of plant sterols, we measured the levels of plasma sterols in the G5G8 Ϫ/Ϫ mice. The plasma levels of sitosterol, which were barely detectable in the wild-type animals, were elevated Ϸ30-fold in the G5G8 Ϫ/Ϫ mice on a chow diet (Fig. 2a) . The mean plasma level of campesterol, the second most plentiful plant sterol in the diet, was increased 8-fold in the G5G8 Ϫ/Ϫ mice. When dietary cholesterol content was increased from 0.02% to 2%, the plasma levels of both sitosterol and campesterol fell by Ϸ50% in both wild-type and G5G8 Ϫ/Ϫ mice. The levels of plant sterols in the liver were elevated dramatically in the G5G8 Ϫ/Ϫ mice (Fig. 2b) . On a chow diet, the plasma cholesterol levels in the G5G8 Ϫ/Ϫ mice were significantly lower than the wild-type controls (mean levels: 62 vs. 114 mg͞dl). Fast protein liquid chromatography indicated that the distribution of sterols among the lipoproteins did not differ between knockout and wild-type mice (data not shown), and almost all the sterols were in high density lipoproteins (HDL). Plasma cholesterol levels did not increase significantly when the wild-type mice were challenged with a 2% cholesterol diet (Fig. 2a) , whereas in the G5G8 Ϫ/Ϫ mice cholesterol feeding resulted in a 2.4-fold increase in plasma cholesterol levels.
Hepatic cholesterol levels were significantly lower in the chow-fed G5G8 Ϫ/Ϫ mice (mean levels: 1.33 vs. 2.21 mg͞g) but increased 18-fold on the high cholesterol diet compared with a 3-fold increase in the wild-type animals. Both free cholesterol and esterified cholesterol levels were reduced in the knockout mice, and the ratio of free cholesterol to total cholesterol was increased significantly in both the female (0.92 vs. 0.78, P Ͻ 0.01) and male (0.91 vs. 0.84, P Ͻ 0.01) mice. Plasma and hepatic triglyceride levels varied over a wide range among the mice, and no significant differences were apparent between the chow-fed G5G8 Ϫ/Ϫ and wild-type animals. Cholesterol feeding was associated with a significant increase in hepatic triglyceride levels in the G5G8 Ϫ/Ϫ mice (Fig. 2b) . To measure the effect of ABCG5 and ABCG8 inactivation on the absorption of dietary sterols, mice were gavaged with an oil containing deuterated cholesterol, cholestanol, campesterol, sitosterol, and sitostanol (Fig. 3) . Sitostanol was used as the nonabsorbable marker, because this sterol is only minimally absorbed in patients with sitosterolemia (23) . The fractional absorption of dietary plant sterols and cholestanol was increased 2-to 3-fold in the G5G8 Ϫ/Ϫ mice, but the fractional absorption of dietary cholesterol was not significantly different between the G5G8 Ϫ/Ϫ and wild-type animals.
To determine whether the dramatic increase in hepatic cholesterol levels in response to the high cholesterol diet was due to impaired biliary cholesterol secretion, the cholesterol concentration of gallbladder bile was measured. Bile was collected from wild-type, G5G8 ϩ/Ϫ , and G5G8 Ϫ/Ϫ animals after a 4-h fast. The concentration of biliary cholesterol in wild-type mice on a normal chow diet ranged between 4.6 and 6.3 mol͞ml, whereas the corresponding levels in the G5G8 Ϫ/Ϫ mice ranged from Ͻ0.1 to 0.64 mol͞ml; the mean value in the G5G8 Ϫ/Ϫ mice was only Ϸ9% of those in the control animals (Fig. 4a) . Mice heterozygous for the disrupted genes had biliary cholesterol levels that were intermediate between those of the wild-type and G5G8 Ϫ/Ϫ animals (Fig. 4a) . The absolute differences in biliary cholesterol levels between wild-type and G5G8 Ϫ/Ϫ mice increased when the animals were placed on a high cholesterol diet (Ϸ1.9 vs. Ϸ14.6 mol͞ml) (Fig. 4b) , suggesting that ABCG5 and ABCG8 play a crucial role in the transport of dietary cholesterol into the bile. These data indicate that much of the increase in hepatic cholesterol in the cholesterol fed G5G8 Ϫ/Ϫ mice is attributable to a block in the biliary cholesterol secretion.
The other major lipid components of bile are phospholipids and bile acids. Phospholipids are required for biliary cholesterol secretion; mice lacking MDR2 (ABCB4), the biliary phosphatidylcholine transporter, have little or no detectable cholesterol in the bile (25) . Inactivation of Abcg5 and Abcg8 resulted in modest, nonsignificant reductions in biliary phospholipid levels (Fig. 4b) . Plasma and hepatic lipid levels in chow-and cholesterol-fed G5G8 Ϫ/Ϫ and wild-type mice. Individually housed 20-week-old mice were fed a powdered chow diet (0.02% cholesterol) or the same diet containing 2% cholesterol for 21 days. The mice were killed in the daylight portion of the cycle. Blood and liver were collected. Plasma (a) and hepatic (b) levels of lipids were measured by GC as described in Materials and Methods. ϩ͞ϩ, wild-type mice; Ϫ͞Ϫ, G5G8 Ϫ/Ϫ mice. * , P Ͻ 0.01 between wild-type and G5G8 Ϫ/Ϫ mice (n ϭ 5 in each group).
Fig. 3.
Fractional absorption of dietary sterols in wild-type and G5G8 Ϫ/Ϫ mice. Four-month-old female mice of the indicated genotypes (n ϭ 8 in each group) were housed individually. Each mouse was gavaged with 50 l of an oil mixture containing deuterated cholesterol, cholestanol, campesterol, sitosterol, and sitostanol. Feces were collected for 3 days, and the sterols were extracted. The fecal sterols were subjected to GC-MS as described in Materials and Methods. Deuterated sitostanol was used as a nonabsorbable fecal marker by which the fractional absorption of the other labeled sterols was calculated. ϩ͞ϩ, wild-type mice; Ϫ͞Ϫ, G5G8 Ϫ/Ϫ mice. * , P Ͻ 0.05 between wild-type and G5G8 Ϫ/Ϫ mice.
The molar ratio of phospholipids to total biliary lipids (cholesterol, phospholipids, and bile acids) did not change significantly with disruption of Abcg5 and Abcg8 (10.7% in the wild-type mice and 9.8% in the G5G8 Ϫ/Ϫ mice). In contrast, the cholesterol molar ratio was significantly lower in the G5G8 Ϫ/Ϫ mice (0.37%) than in the littermate controls (2.2%). Thus the secretion of cholesterol into bile is not coupled quantitatively to the secretion of phospholipids.
The G5G8 Ϫ/Ϫ and wild-type mice also had similar concentrations of bile acids in the bile (Fig. 4b) . Comparison of the amount of bile acid excreted into the stool (Fig. 5a) , the bile-acid pool size, and the bile-acid composition (data not shown) revealed no significant differences between the G5G8 Ϫ/Ϫ and wild-type mice. These data indicate that ABCG5 and ABCG8 are not required for the efficient secretion of bile acids into bile.
While eating a chow diet, the G5G8 Ϫ/Ϫ animals had reduced amounts of fecal neutral sterols as compared with wild-type mice (Fig. 5b) . The cholesterol synthesis rate, as measured by the incorporation of tritiated water into cholesterol, was significantly lower in the adrenal glands of the female G5G8 Ϫ/Ϫ mice than the wild-type counterparts. Hepatic cholesterol synthesis was reduced by 17% and 29% in the male and female G5G8 Ϫ/Ϫ mice, respectively, although these differences were not statistically significant (Fig. 5c) . In support of hepatic cholesterol synthesis being reduced in the livers of the knockout animals was the finding that the hepatic mRNA levels for two highly regulated genes of cholesterol synthesis, HMG-CoA reductase and HMGCoA synthase, were reduced by Ϸ50% in the G5G8 Ϫ/Ϫ animals ( Fig. 6) . Expression microarray studies of pooled mRNA samples from the livers of G5G8 Ϫ/Ϫ (n ϭ 5) and wild-type (n ϭ 5) mice revealed significant reductions in the mRNA levels of multiple genes encoding enzymes in the cholesterol biosynthetic pathway (data not shown).
The mRNA levels of cholesterol 7␣-hydroxylase (CYP7A1), the rate-limiting enzyme in the bile acid biosynthetic pathway, were 2-fold higher in the G5G8 Ϫ/Ϫ animals ( Fig. 6) , although the (a) Male and female 16-week-old G5G8 Ϫ/Ϫ , G5G8 ϩ/Ϫ , and G5G8 ϩ/ϩ mice (n ϭ 4 -5 in each group) maintained on a chow diet were killed after a 4-h fast. The gallbladder bile was collected, and lipid levels were measured as described in Materials and Methods. (b) Gallbladder bile was collected from the same mice as described for Fig. 2 , and the levels of cholesterol, phospholipids, and bile acids were assayed as described in Materials and Methods. ϩ͞ϩ, wild-type mice; ϩ͞Ϫ; heterozygotes; Ϫ͞Ϫ, G5G8 Ϫ/Ϫ mice. * , P Ͻ 0.01 between wild-type and G5G8 Ϫ/Ϫ mice. (1 Ci ϭ 37 GBq). The mice were killed 1 h later (mid-daylight cycle), and the tissues were collected and processed as described in Materials and Methods. ϩ͞ϩ, wild-type mice; Ϫ͞Ϫ, G5G8 Ϫ/Ϫ mice. * , P Ͻ 0.05 between wild-type and G5G8 Ϫ/Ϫ mice. Fig. 6 . Quantitative real-time PCR of liver RNA from wild-type and knockout mice. Total RNA from the livers of mice in each group (n ϭ 5) was isolated and pooled for real-time PCR as described (31, 32) . Cyclophilin was used as an internal control for these studies. Each value represents the mRNA level relative to the amount of transcript in the chow-fed wild-type males, which was set arbitrarily to 1. ϩ͞ϩ, wild-type mice; Ϫ͞Ϫ, G5G8 Ϫ/Ϫ mice.
fecal bile-acid excretion was not different between wild-type and G5G8 Ϫ/Ϫ mice. The mRNA levels of the major transcriptional regulators of sterol synthesis, sterol regulatory element-binding protein 1c (SREBP-1c) and SREBP-2, and the low density lipoprotein receptor were similar in G5G8 Ϫ/Ϫ mice and their wild-type littermates (Fig. 6) , as were the levels of ABCA1 (data not shown).
Discussion
The major finding of this paper is that disruption of Abcg5 and Abcg8 in mice resulted in a selective and profound reduction in biliary cholesterol levels and an accumulation of cholesterol in the liver after cholesterol feeding. The G5G8 Ϫ/Ϫ mice phenotypically resembled humans with sitosterolemia in a number of respects. First, the G5G8 Ϫ/Ϫ mice had increased fractional absorption of plant sterols and a dramatic increase in plasma and tissue levels of plant sterols. The plasma levels of sitosterol in the G5G8 Ϫ/Ϫ mice were Ϸ30-fold higher than those of their wildtype littermates, which is comparable with that observed in sitosterolemia. Second, plasma cholesterol levels were much more responsive to changes in dietary cholesterol content in the G5G8 Ϫ/Ϫ mice. Third, the absence of ABCG5 and ABCG8 had no detectable effect on the amount or composition of bile acids.
The phenotype of the G5G8 Ϫ/Ϫ mice differed from that of humans with sitosterolemia in four major respects. First, the reduction in fecal neutral sterols and cholesterol synthesis was less pronounced in the G5G8 Ϫ/Ϫ mice than in humans with sitosterolemia. Second, the plasma and liver cholesterol levels were reduced by 50% in the chow-fed G5G8 Ϫ/Ϫ mice despite the virtual absence of biliary cholesterol. Third, the plasma levels of cholesterol were not significantly higher in the knockout mice than in the wild-type mice even after dietary cholesterol challenge. And finally, no appreciable increase in the fractional absorption of dietary cholesterol was seen in the G5G8 Ϫ/Ϫ animals.
Some of the differences in cholesterol metabolism between the knockout mice and patients with sitosterolemia may reflect differences in the composition of the mouse and human diets. Although the daily cholesterol intake of mice consuming the chow diet is higher than that of the typical Western diet (30 vs. 5 mg͞kg͞day) (26), the chow diet contains compounds that interfere with absorption of dietary cholesterol (27) . Alternatively, we cannot rule out the possibility that the phenotypic differences between the knockout mice and sitosterolemic patients may be related to the fact that patients with sitosterolemia invariably have defects in only one gene (either ABCG5 or ABCG8), whereas both genes were disrupted in the mouse model. This possibility can be addressed only by selective inactivation of Abcg5 and Abcg8. Finally, the observed differences may reflect species-specific differences in the metabolism of dietary sterols.
The G5G8 Ϫ/Ϫ mice share with their human counterpart an increased fractional absorption of dietary plant sterols. Humans absorb Ϸ45% of dietary cholesterol, 20% of dietary campesterol, and 5% of dietary sitosterol (23) . The relative fractional absorption of these different neutral sterols was similar in the wild-type mice to that of humans, with the fractional absorption of cholesterol Ͼ campesterol Ͼ sitosterol. The rank order of these three dietary sterols is maintained in the G5G8 Ϫ/Ϫ mice as it is in patients with sitosterolemia (23) , indicating that the selectivity of the intestine for the absorption of different sterols is largely independent of ABCG5 and ABCG8.
A distinctive clinical feature of sitosterolemia is the responsiveness of the plasma cholesterol to changes in dietary cholesterol intake (5, 6) . The plasma and liver cholesterol levels in the G5G8 Ϫ/Ϫ mice were also much more responsive to changes in dietary cholesterol content than their littermate controls. The plasma and hepatic levels of cholesterol increased 2.4-and 18-fold, respectively, with cholesterol feeding in G5G8 Ϫ/Ϫ mice, compared with no change in the plasma and a 3.0-fold increase in the liver of the wild-type animals. The exaggerated responsiveness to dietary cholesterol presumably results from the inability of the G5G8 Ϫ/Ϫ mice to eliminate hepatic cholesterol by secretion into bile.
The plasma levels of sitosterol and campesterol fell with cholesterol feeding in both G5G8 Ϫ/Ϫ and wild-type mice (Fig. 2) . The reduction in plasma levels of plant sterols in mice is most likely due to competition for intestinal absorption of the sterols. The dietary cholesterol may compete with plant sterols for solubilization in micelles, uptake into the enterocyte, or incorporation into the nascent chylomicron particles.
Humans with sitosterolemia have a greater reduction in cholesterol synthesis (Ͼ70%) than was seen in the G5G8 Ϫ/Ϫ mice (mean ϭ 23%) (23, 28) . This difference was reflected in the more modest reduction in fecal neutral sterols in the G5G8 Ϫ/Ϫ mice (36% reduction) than has been reported for humans with sitosterolemia (Ͼ70% reduction). A larger proportion of fecal neutral sterols is derived from bile in humans than in mice. The daily intake of cholesterol in humans on a Western diet is Ϸ400 mg, and the daily output of cholesterol into the bile is estimated to be 2,000 mg (29) . In contrast, in chow-fed mice, the daily dietary intake and biliary secretion of cholesterol are similar (Ϸ1 mg each) (26) . If dietary and biliary cholesterol are absorbed with equal efficiency, the bile would be expected to comprise a much larger fraction of the fecal neutral sterols in humans. Therefore, the disruption of biliary cholesterol secretion leads to a greater reduction in fecal neutral sterol excretion in humans than in mice.
A surprising finding in this study was that chow-fed G5G8 Ϫ/Ϫ mice had lower hepatic cholesterol levels despite a marked reduction in biliary cholesterol secretion. Low hepatic levels of cholesterol should elicit a compensatory increase in cholesterol synthesis, which was not apparent in the mutant mice. We speculate that one or more plant sterols, or possibly other molecules normally secreted into the bile by ABCG5 and ABCG8, accumulate in the livers of the knockout mice and suppress cholesterol synthesis. Cholesterol synthesis was also significantly lower in the adrenal glands of the female knockout animals, and a similar trend was seen in the male mice. No mRNA expression of either ABCG5 and ABCG8 was detectable in the adrenal glands. The elevated levels of noncholesterol sterols may directly suppress cholesterol synthesis or may alter the intracellular distribution of cholesterol. Additional studies will be required to elucidate the mechanism responsible for the reduction in cholesterol synthesis in both the liver and adrenal glands in the G5G8 knockout mice.
The chow-fed G5G8 Ϫ/Ϫ animals also had significantly lower plasma cholesterol levels than wild-type mice, most likely as a consequence of the reduced hepatic cholesterol levels. The increase in amount of noncholesterol sterols in the liver may interfere with the packaging of cholesterol into lipoproteins. Although the plasma levels of cholesterol in the G5G8 Ϫ/Ϫ mice were more responsive to dietary cholesterol, the cholesterol-fed knockout mice were not hypercholesterolemic. Low density lipoprotein receptor expression was repressed only modestly in the cholesterol-fed G5G8 Ϫ/Ϫ mice (Fig. 6 ) even in the presence of an 18-fold increase in hepatic cholesterol levels. For reasons that are still poorly understood, the murine low density lipoprotein receptor is not very responsive to changes in hepatic cholesterol content (30) . Persistent hepatic low density lipoprotein receptor function in the G5G8 Ϫ/Ϫ mice may maintain efficient clearance of plasma lipoproteins.
No difference was apparent between the fractional absorption of dietary cholesterol in G5G8 Ϫ/Ϫ mice vs. wild-type mice. In humans with sitosterolemia, the relative increase in the fractional absorption of dietary cholesterol is much more modest than that seen for plant sterols (1, 23) . Humans with sitosterolemia have fractional absorption of dietary cholesterol in the high normal range when compared with unaffected controls (1, 4) . The lack of a detectable difference between the fractional absorption of cholesterol in the G5G8 Ϫ/Ϫ mice and littermate controls suggests that ABCG5 and ABCG8 may not limit cholesterol absorption from the intestine in chow-fed mice; however, this conclusion is contingent on the assumption that sitostanol absorption is similar in the wild-type and G5G8 Ϫ/Ϫ mice. Previous studies found no significant difference in the measurements of the fractional absorption of dietary sterols when using sitostanol or chromic oxide as the nonabsorbable fecal marker in individuals with sitosterolemia (23), but we cannot exclude the possibility that G5G8 Ϫ/Ϫ mice absorb an increased fraction of dietary sitostanol, leading to an underestimation of the true fractional absorption of dietary sterols in these animals. Alternatively, a difference in fractional cholesterol absorption in the G5G8 Ϫ/Ϫ mice may only be elicited by increasing the dietary content of cholesterol.
The data presented here indicate that lipid transit into the bile via ABCG5 and ABCG8 is selective (Fig. 4) . Whereas disruption of Abcb4 (Mdr2) prevents biliary secretion of both phospholipids and cholesterol (25) , the marked decrease in biliary cholesterol levels in G5G8 Ϫ/Ϫ animals was not coupled with a significant reduction in biliary phospholipid levels. No difference was measured in the molar ratio of phospholipids to biliary lipids between G5G8 Ϫ/Ϫ mice and control animals. These data indicate that ABCG5 and ABCG8 are specific for neutral sterols and that biliary phospholipid secretion can proceed in the absence of cholesterol secretion.
In conclusion, the results of these studies are consistent with ABCG5 and ABCG8 being the major hepatobiliary transporter of both dietary and endogenously synthesized neutral sterols. In humans and mice, the biliary secretion of cholesterol is crucial for the maintenance of cholesterol homeostasis and constitutes a major defense against the accumulation of cholesterol and plant sterols in blood and tissues. The G5G8 Ϫ/Ϫ mice generated here provide a useful animal model to further probe the trafficking of sterols into and out of the body and to screen for agents that may affect this important pathway.
